Abstract-Experimental studies of doped with 5%, 10%, 20% and 30% and are performed for application in TOF-PET. X-ray excited emission spectra, decay time constants, photoelectron yields and energy resolutions are measured from 100 K to 600 K. The results show a strong temperature and concentration dependence, which is mostly explained by self-absorption. We modeled how self-absorption affects the scintillation pulse shape and what the consequences are for the detector timing resolution. It shows that self-absorption elongates the decay time constant, whilst it does not affect the scintillation rise time.
I. INTRODUCTION
T IME-OF-FLIGHT (TOF) Positron Emission Tomography (PET) offers a significant reduction in statistical noise compared to conventional PET [1] - [4] . However, this requires high timing resolution ( ps). is an excellent candidate scintillator for application in TOF-PET [5] - [7] . It has a high light yield (70,000 ph/MeV) [8] , good energy resolution (2.9%) and its decay time constant ( ns) is shorter than commonly used LYSO:Ce ( ns). On the other hand, it has a lower density and effective Z, which makes the system less sensitive. Furthermore, is hygroscopic, so tradeoffs are necessary in designing a scanner.
For TOF-PET, the scintillation rise time, decay time constant and light yield are all of importance, as the timing resolution is primarily determined by the absolute slope (in photons per unit time) of the rising part of the scintillation pulse. This is explained in more detail by Seifert et al. [9] . It is known that the scintillation rise time of shortens with increasing dopant concentration which improves the timing resolution [10] - [15] .
In this work the scintillation properties of dopant concentrations between 5% and 100% ( ) are presented. X-ray excited emission spectra, decay time constants, photoelectron yields and energy resolutions are measured for 5%, 10%, 20%, Manuscript 30% concentration and at temperatures varying from 100 K to 600 K. These results reveal a significant amount of self-absorption. Self-absorption is the effect in which an emitted optical photon is absorbed by a luminescence centre. We modeled the effect of self-absorption on the scintillation pulse shape. This model does not include the effects of light (or radiation) trapping, the geometric effect associated with the mismatch of index of refraction of the crystal with the surrounding medium. Since the slope of the rising edge of the scintillation pulse decreases, self-absorption is undesired.
II. EXPERIMENTAL METHODS
All samples used in this work were supplied by Saint-Gobain Crystals. For x-ray excited emission measurements sample sizes ranged from cm to cm . For decay time constant, photoelectron yield and energy resolution measurements all sample sizes were about cm . All samples were irregularly shaped. Samples were positioned in a cryostat and temperatures varied from 100 K to 600 K in steps of 50 K for x-ray excited emission measurements and in steps of 100 K for the remaining measurements.
The x-ray tube used for excitation was operated at 50 kV and 30 mA. Emission spectra were measured between 330 nm and 440 nm using a monochromator (ARC VM504, 1200 groves/mm) in combination with a photomultiplier tube (Hamamatsu R943-02) (PMT) operated at V. The samples were positioned in between 2 metal plates, of which one acted as a diaphragm ( mm). Through this diaphragm x-rays irradiated the sample under an angle of 45 . The detection of luminescence took place from the same side of the sample, under an angle of 90 with the x-ray beam. The thicknesses of the samples were about 2 mm. All spectra are corrected for the transmission of the monochromator and the quantum efficiency of the PMT.
Time correlated single photon counting (TCSPC) was applied to measure scintillation pulse shapes from which decay time constants were determined [16] . A -source (662 keV) was placed next to the sample. The sample was fixed in front of a 4 mm circular hole in the middle of a parabolic holder in a cryostat. In this way luminescence can be measured from two sides. The inside of the holder was covered with aluminum foil. Two fast PMTs (Philips XP2020, HV V) were used, referred to as the 'start' and 'stop' PMT. The signal coming from the start PMT was used as a reference signal and triggers a start time stamp of a time-to-amplitude converter (Ortec 567) (TAC). To minimize the time spread in this signal the start PMT was positioned as close as possible to the sample to obtain high light 0018-9499 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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collection efficiency. A constant-fraction-discriminator (Ortec 935) (CFD) was used for both signals to improve the set-up's timing resolution. Once the stop PMT triggers a stop time stamp an analog-to-digital converter (Ortec AD114) (ADC) digitizes the measured time difference. The intensity of the light falling on the stop PMT was reduced by covering a large part of its surface with tape in order to avoid a bias error, since only the first detected photon triggers a stop time stamp. The measured time differences are then plotted in a histogram (bin width of 62.5 ps) representing the scintillation pulse shape. In [17] TCSPC was applied to determine scintillation pulse shapes of fast scintillators as well. However, instead of one scintillator in between two PMTs, they made use of two scintillators, each one attached to a fast light sensor, with a source positioned in between. This technique is based on the detection of two annihilation photons in coincidence.
To obtain a reasonable count rate, the average number of detected photons per start signal, defined as , was kept around 0.20. As this results in a non-negligible bias error, the following correction was applied afterwards [18] . (1) where and are the actual and measured (discrete) scintillation pulse, respectively, is the bin number and is the number of valid start pulses (given by the TAC). A disadvantage of this correction is that has to be constant during the measurement. We did a measurement where . In this way the bias error is negligibly small. We subsequently increased in several steps till . Each time the correction was applied. We found that all corrected decay time constants where were the same. Photoelectron yields and energy resolutions were derived from pulse height spectra. Temperature dependent measurements were performed in the cryostat in which the sample was fixed in the middle of the parabolic holder with aluminum foil on the inside for efficient light collection. A -source was placed next to the sample. A Hamamatsu PMT (R6231-100, HV V), a Cremat preamplifier (modified CR-112, fall time s), a spectroscopic amplifier (Ortec 672) and an ADC (Ortec AD114) were used. The shaping time of all measurement was s. The positions of the full energy peak of all measurements were compared with each other. Photoelectron yields were obtained by calibration measurements performed at room temperature. These calibration measurements took place inside a dry box with the sample mounted onto the PMT's window (Hamamatsu R1791) with a -source nearby. No optical coupling was used, as the samples were irregularly shaped. The samples were covered with a few layers of Teflon tape on top. For the read-out, a Cremat preamplifier (modified CR-112, fall time s), a spectroscopic amplifier (Ortec 672) and an ADC (Adcam 926) were used. The photoelectron yield was derived by comparing the position of the full energy peak with the position of the single-electron peak and expressed in phe/MeV by dividing the photoelectron yield by 0.662. x-ray excited emission spectra for several dopant concentrations at 300 K.
III. RESULTS
X-ray excited emission spectra of at temperatures varying from 100 K to 600 K are shown in Fig. 1 . These spectra are plotted on an absolute scale as determined by a pulse height calibration at room temperature. They show double peaked emission. At 100 K the maxima of these peaks are located at 357 nm and 384 nm. At 300 K the maximum intensity is located at 361 nm. With rising temperature, the intensity of the short wavelength peak decreases drastically. At 600 K only photons with wavelengths around 385 nm escape the crystal.
X-ray excited emission spectra for doped with 5%, 10%, 20% and 30% concentration and pure at room temperature are shown in Fig. 2 . There is increasingly less short wavelength emission at higher concentrations. The observed scintillation pulse shapes show a single exponential curve, apart from 5% and 10% dopant concentration at 100 K and 200 K. Fig. 3 shows the normalized observed scintillation pulse shape for with temperatures varying from 100 K to 600 K.
The observed decay time constants, , are determined and plotted in Fig. 4 . depends strongly on temperature and concentration. The shortest and longest , 14 ns and 40 ns, both belong to , at 100 K and 600 K. At 300 K, varies from 15.3 ns for to 19.1 ns for Fig. 3 . Normalized observed scintillation pulse shapes for with temperatures varying from 100 K to 600 K. [19]. Slow decay components were observed for , viz. 88 ns at 100 K and 53 ns at 200 K, and for , viz. 39 ns at 100 K and 55 ns at 200 K. Photoelectron yields and energy resolutions were derived from pulse height spectra, which are shown in Fig. 5 .
At room temperature, photoelectron yields vary from 17,400 to 22,500 phe/MeV for and , respectively. All photoelectron yields are given in Fig 6. For each concentration we see similar temperature behaviour, apart from . For photoelectron yields were measured from different irregularly shaped crystals of the same size. The photoelectron yields did not differ more than 3% from each other. Fig. 7 shows how energy resolution behaves with temperature. This is determined for . The energy resolution appears to worsen with increasing temperature. Since a cryostat was used, so the sample could not be mounted directly onto the PMT window, the light collection efficiency was rather poor (
). This explains the overall poor energy resolutions.
From the photoelectron yield calibration measurements at room temperature, performed in a dry box, energy resolutions were also derived. They are measured to be 2.9%, 3.0%, 3.2%, 3.2% and 4.4% for , , ,
, and , respectively. Table I shows an overview of all measured scintillation properties at room temperature.
IV. DISCUSSION
In order to benefit from TOF-information high detector timing resolution is required, which is primarily determined by the absolute slope of the initial rising part of the scintillation pulse [9] . The slope is determined by the scintillation rise time, decay time constant, it is proportional to the light yield and it will be shown that it depends on the amount of self-absorption as well. In [12] it was shown that increasing the concentration shortens the scintillation rise time (which is not associated with self-absorption).
In this work self-absorption is defined as the phenomenon in which a photon emitted by a center is absorbed by another center. Since the luminescence quantum efficiency is close to unity, there will be re-emission at later time. As a consequence, the observed decay time constant lengthens and the timing resolution worsens.
self-absorption can only occur when the intrinsic emission spectrum overlaps with the excitation spectrum . Both spectra broaden with rising temperature, and the probability of self-absorption increases likewise.
We have chosen to express phenomena related with self-absorption in terms of the escape probability . This is defined as the fraction of emitted photons in that escapes the crystal without going through an absorption re-emission cycle.
depends on the mean free travel path of a photon inside the scintillator and the dimensions of the scintillator. In other words, an increase in temperature, crystal size or concentration all result in a decrease in .
The slope of the rising edge of the scintillation pulse is proportional to and for the timing resolution the following expression is expected [9] . (2) Alekhin et al. investigated self-absorption in [20] . Contrary to emission, emits in a single Gaussian band, and a model was presented that explained the light yield decrease with increased self-absorption. The model in [20] included the thermal quenching of luminescence. Quenching of luminescence in was not observed by Bizarri et al. [19] .
Since the probability of self-absorption is a function of , and the re-emission spectrum is equal to , the observed emission spectrum differs from . Van Dam et al. [21] , and also Drozdowski et al. [22] , developed a model for self-absorption in based on two emission bands. Using their model can be determined, referred to as . (3) where and are the fraction of the total emission intensity in the long wavelength band in and , respectively. The latter is determined in case of at room temperature in [21] and found to be 0.60. However, the model in [21] is based on the assumption that photons emitted in the long wavelength band cannot be absorbed by centers. This may not be valid at higher temperatures due to overlap between and the long wavelength emission band in . At lower temperatures is nearly unity and for that reason we applied Eq. (3) to at K only, as shown in Fig. 2 . was found by a double Gaussian fit to the data, and is compiled in Table II together with . can be obtained from the observed scintillation pulse shape as well, see Eq. (4). (4) where is the decay rate constant of an excited 5d-state of (i.e. the reciprocal of the intrinsic decay time constant ) and is the number of excited states. The latter can be derived from the following differential equation. (5) is the non-radiative quenching rate of luminescence and is the transfer rate of charge carriers from the ionization track to centers. Even though several types of energy transfer processes are possible, in this model we limit ourselves to just one [23] - [25] . is the number of ionizations or electron hole pairs at immediately after gamma photon absorption that eventually lead to an excited state. depends on possible quenching processes during the energy transfer from the ionization track to luminescence centers.
When solving Eq. (5) under the condition and substituting the solution in Eq. (4) we obtain: (6) From here on we will assume absence of luminescence quenching ( ). By identifying the first exponential term in Eq. (6) with an exponential decay of the form , where is the observed decay time constant, the following equation for was derived, referred to as . (7) The intrinsic decay time constant is estimated 14.5 ns, since this is the average observed decay time constant measured at the lowest temperature, viz. 100 K.
, as given in Fig. 4 , is a direct measure of the amount of self-absorption in the crystal. We added on the right vertical axis in Fig. 8 . Illustration of the effect of self-absorption, expressed as the escape probability , on the scintillation pulse shape, for ns and ns. Fig. 4 . Table II shows for the measurements performed at 300 K. They are in agreement with , derived from x-ray excited emission spectra. The small differences are attributed to the different measuring methods. Firstly, x-rays do not penetrate into the crystal as deeply as -rays do and secondly, the dimensions of the crystals were not precisely the same.
Quarati et al. showed how self-absorption increases with increased crystal size in case of and [26] , where Eq. (7) could be applied to find for their samples.
The timing resolution is expected to improve by a factor , where , if no self-absorption were present. They are given in Table II . It appears that self-absorption has a significant influence on the timing resolution at higher concentrations, even for relatively small samples ( cm ). The second exponential term in Eq. (6) does not contain , from which we may conclude that the scintillation rise time (here defined by the time after which the intensity has increased to of its maximum value) is not affected by an increase in self-absorption (i.e. larger crystals). This is in contrast to an increase in concentration, which shortens the scintillation rise time [12] .
To illustrate the effect of self-absorption on the scintillation pulse shape we plotted for several values for , for ns and ns. Fig. 8 shows the elongation in the observed decay time constant with decreasing . Since self-absorption has no influence on the scintillation rise time, the position of the maximum intensity is for all spectra nearly the same. The inset shows the proportional relation between and the slope of the rising edge of the scintillation pulse.
The light yield , which is proportional to the photoelectron yield, depicted in Fig. 6 , is obtained by taking the time integral of Eq. (6) . (8) Recall that is the number of electron hole pairs after gamma absorption that lead to an excited state, which appears to be a function of the concentration and temperature. Eq. (8) states that if quenching of luminescence is absent, all intensity loss with increasing temperature is caused by inefficient energy transfer processes from the ionization track to luminescence centers. These quenching processes are not established yet [24] , [25] . Neither is it known why the light yield is lower at higher
concentrations. An equation has been derived for the average number of absorption re-emission cycles that an emitted photon undergoes before it escapes the crystal: (9) Consequently, the average number of times a photon is emitted before it escapes the crystal equals . Of all measurements in this work we find the smallest escape probability, viz.
, for at 600 K which means . In other words, in a sample of dimension cm at 600 K, photons are on average 1.7 times absorbed and re-emitted before they escape the crystal.
Energy resolution degradation with rising temperature and concentration is next to the loss in light yield also explained by non-proportionality, which deteriorates with temperature and concentration [22] , [27] - [29] . Based on the temperature dependent measurements in this paper we conclude that, in principle, the scintillation properties in TOF-PET can be improved by cooling the crystals. We expect a better detector timing resolution, due to a higher light yield and less self-absorption. In addition, the energy resolution improves as well.
V. CONCLUSIONS
This paper shows that the scintillation pulse shape of is strongly dependent on the concentration and temperature, which is mostly explained by self-absorption. A model has been derived that shows the effect of self-absorption on the scintillation pulse shape, from which it follows that the observed decay time constant is a good measure for the amount of self-absorption in a crystal.
The model also shows that the scintillation rise time is not affected by self-absorption. However, self-absorption does decrease the slope of the rising scintillation pulse and is expected to worsen the detector timing resolution. The timing resolution of the sample used in this work is expected to improve by a factor 1.15 if self-absorption were absent.
The amount of self-absorption is the smallest for and the largest for . Crystals in TOF-PET systems are generally larger ( cm ) than the crystals measured in this work ( cm ) and therefore self-absorption may play an important role, especially at higher concentrations. We measured a decrease in light yield with rising temperature and concentration. The photoelectron yield is about 23% lower for than for . This is not associated with self-absorption, as Bizarri et al. showed that the luminescence quantum efficiency is close to unity. The energy resolution of is 4.4%, whereas the energy resolution of is 2.9%.
